OBJECTIVE: Surgery for acute type A aortic dissection remains a surgical challenge because of prolonged operative times, bleeding complications, and a considerable risk of neurological morbidity and mortality. The following study investigates the clinical results after surgical treatment for acute type A aortic dissection using selective antegrade cerebral perfusion and moderate-to-mild systemic hypothermia (> _28 C).
INTRODUCTION
Acute type A aortic dissection (AAD) is a life-threatening condition, which, without immediate surgical treatment, is related with a very poor prognosis. Despite the significant evolution of surgical techniques, perioperative management and cerebral protection surgery for AAD remains a big challenge in cardiac surgery and is still associated with high mortality and morbidity rates [1] [2] [3] [4] [5] [6] [7] .
In order to reduce the perioperative and postoperative complications, various techniques of cerebral protection have evolved to increase the safety and safe duration of cerebral protection during aortic surgery. This has resulted in various methods of cerebral perfusion with circulatory arrest at distinct systemic temperature levels from deep up to moderate-to-mild hypothermia. However, controversy among surgeons remains regarding the optimal modality for cerebral protection involved in surgical aortic repair.
Selective antegrade cerebral perfusion (ACP) has been popularized, offering a more physiological method of perfusion and extending the safe time limit for cerebral protection during circulatory arrest for aortic surgery. In addition, moderate-to-mild hypothermic circulatory arrest followed by a shorter period of rewarming makes surgery for AAD quicker and may help to reduce hypothermia-related side effects [8] [9] [10] .
Although previous reports from the two contributing institutions have demonstrated safe and reproducible results using selective ACP with moderate-to-mild systemic hypothermia during surgery for aortic arch replacement, only limited data are available on the efficiency of using this approach in patients with AAD [11] .
MATERIALS AND METHODS
Between January 2000 and January 2015, 453 consecutive patients underwent surgical treatment for AAD during ACP with moderate-to-mild systemic hypothermia (28.8 ± 0.6 C) at the Division of Thoracic and Cardiovascular Surgery, Johann Wolfgang Goethe University Frankfurt am Main and the Cardiovascular Clinic Bad Neustadt (Germany). The study was approved by the respective institutional review boards and individual patient consent for the study was waived.
Relevant clinical characteristics of the patients, consisting of 298 (66%) men and 155 (34%) women, are summarized in Table 1 . Mean age was 67 ± 13 years. Selective unilateral or bilateral cerebral perfusion under moderate-to-mild systemic hypothermia (28.8 ± 0.6 C) was used in all patients. Arterial hypertension was the most prevalent comorbidity in 351 patients (77%), followed by chronic obstructive pulmonary disease in 213 patients (47%), and concomitant aortic valve pathology in 209 patients (46%). In total, 124 patients (27%) were admitted in unstable haemodynamic conditions, and 33 patients (7%) were primary symptomatic with a neurological disorder. Contrast computed tomography (CT) was available in all patients and transoesophageal echocardiography was routinely performed in the operating theatre for confirmation of diagnosis to detect pericardial effusion and to assess aortic valve pathology and cardiac function. According to the institutional policy as aortic referral centres, no patient was refused surgery simply because of age or concomitant diseases during the study period.
Operative techniques
Surgical protocols applied in Frankfurt and Bad Neustadt have been described in detail [8, 10] . Briefly, treatment in Frankfurt included cannulation of the left radial artery and one of the femoral arteries for continuous blood pressure monitoring. The right axillary artery was exposed and directly cannulated with an 18F to 22F flexible arterial cannula (Edwards Lifesciences, Irvine, CA, USA) whenever possible followed by cannulation of the right atrium in a standard fashion. Alternatively, cardiopulmonary bypass (CPB) was established through femoral artery cannulation. CPB was started, and cooling was limited to 28.8 ± 0.6 C rectal temperature, depending on the expected time of arch repair according to the findings of the preoperative CT scan. The innominate and left carotid arteries were snared with silicone elastomer loops and occluded at the initiation of selective ACP. After opening the aortic arch, the left subclavian artery was blocked by insertion of a Fogarty catheter (Edwards Lifesciences) to obtain a bloodless operative field. In patients with bilateral antegrade cerebral perfusion (BACP), the elastomer loop snared around the left common carotid artery was temporarily loosened at this point, and an Y-shaped arterial line connected to the arterial CPB cannula was placed inside the vessel for additional perfusion of the left hemisphere. BACP was the method of choice between 2005 and 2010. Before 2005 and after 2010, there was a trend towards unilateral antegrade cerebral perfusion (UACP) to avoid the potential risk of creating cerebral emboli while manipulating the arch vessels during insertion of the second arterial inflow cannula [12] . Selective ACP was conducted with a perfusate temperature of 28-30 C in a pressure-controlled manner. The perfusion pressure was controlled on the pump unit and kept at 75 mmHg, allowing for a UACP flow of 1.1 ± 0.1 l/min and a respective BACP flow of 1.3 ± 0.4 l/min. At that point, the arch replacement was performed, including a reimplantation of the arch vessels en bloc, if necessary, followed by reconstitution of full body perfusion by way of the right axillary artery once the arch replacement was completed. Neurovascular monitoring varied throughout the study period and consisted of cerebral saturation assessment using near-infrared spectroscopy (NIRS) in the latter half of the series.
In Bad Neustadt, the arterial return for CPB was achieved by isolated cannulation of the right or left or both common carotid arteries in the majority of patients. Alternative cannulation of the innominate artery was considered in selected patients. During ACP, an Y-shaped line connected to the arterial return cannula for CPB was used to perfuse the other brain hemisphere in patients undergoing operation with BACP. The decision to choose the particular cannulation technique was made preoperatively according to the findings of CT. The specific cannulation technique has been described in detail [10, 13] . In all patients, after heparinization, the exposed segment of the according artery was cross-clamped and an 8-or 10-mm vascular sealed polyester graft was anastomosed to the artery. Systemic circulatory arrest during selective ACP was used for arch replacement. Neurovascular monitoring varied during the study period and currently consists of pressure measurement in both radial arteries and cerebral saturation assessment using NIRS. The deepest temperature was determined by the surgeon in accordance with the expected period of circulatory arrest and averaged 28 ± 0.6 C rectal temperature. ACP was always performed at an arterial blood temperature of 28 C. The arch arteries were crossclamped at the beginning of ACP. UACP was set at a perfusion pressure on the pump unit of 80 mmHg, allowing for a UACP flow of 0.9 ± 0.3 l/min when the left common carotid artery was used for perfusion and, considering the flow to the right arm, a flow of 1.4 ± 0.5 l/min when the innominate artery or the right common carotid artery was used. During rewarming, the Yshaped arterial line was used to switch the arterial perfusion from the cannulated artery to the aortic graft. Isolated anastomosing of supra-aortic vessels with respective graft branches is the preferred technique for total arch replacement in Bad Neustadt, for which vascular prostheses with four side branches (InterGard AorticArch; InterVascular, La Ciotat, France) are used.
In both institutions the temperature gradient between the oxygenated blood (arterial line) and the patient's core temperature during rewarming was set at a maximum of 10 C, with a peak temperature of blood leaving the oxygenator of 38.5 C. Concerning the level of systemic cooling, we adjust it to the anticipated extent of arch repair according to the preoperative CT scan (approximately 30 C for 15 min, 28-30 C for 30 min and 28 C for > _45 min).
Follow-up
Clinical data from the initial hospitalization were prospectively entered into the two institutional databases. Discharged patients were followed directly in the outpatient clinic after 6 months and yearly thereafter or contacted by mail or telephone interview during a 3-month late-closing interval ending in January 2015.
Mean late follow-up was 6 ± 3 years and was 98% complete.
Statistical analysis
All perioperative data were collected prospectively. Study endpoints were operative mortality and neurological morbidity. Transient neurological deficit (TND) was defined as the presence of reversible postoperative motor deficit, confusion, agitation or transient delirium. CT findings were required to be normal, with resolution of all symptoms before discharge. Permanent neurological deficit (PND) was defined as the presence of new focal (stroke) or global (coma) permanent neurological dysfunction. Thirty-day mortality was defined as death during the initial hospitalization or within 30 days postoperatively for discharged patients. Data were presented as mean ± standard deviations. The overall survival curve was estimated with the standard nonparametric Kaplan-Meier method. Odds ratios (ORs) are reported with 95% confidence intervals (CIs). Multivariate analysis (stepwise backward regression) was used to determine the preoperative and intraoperative risk factors that were significant independent predictors of adverse neurological outcomes, increased 30-day mortality, and an increased incidence of new renal failure. A total of 20 variables were analysed: age, year of operation, gender, hypertension, pulmonary disease, smoking history, coronary artery disease, peripheral vascular disease, previous stroke, Marfan syndrome, previous cardiac surgery, cardiogenic shock, aortic insufficiency, ACP cannulation site, unilateral versus bilateral ACP, different ACP times, aortic valve preservation versus replacement, hemiarch versus total arch replacement, concomitant coronary artery bypass grafting and acute renal failure (ARF). All statistical analyses were performed with StatView, version 5.0, for Windows software (SAS Institute, Inc., Cary, NC, USA)
RESULTS
Mean CPB time was 181 ± 68 min, and the mean myocardial ischaemic time was 107 ± 43 min. ACP was used in 453 patients (100%). UACP was performed in 298 patients (66%), BACP in 155 patients (34%). Mean duration of isolated cerebral perfusion was 46 ± 23 min. The mean lowest core temperature was 28.8 ± 0.6 C. Ascending aortic replacement, hemiarch replacement and total arch replacement was performed in 9 patients (2%), 342 patients (75%) and 102 patients (23%), respectively. In 292 patients (64%), the aortic root could either be glued and reconstructed or remained untouched. Aortic valve repair techniques including the David procedure were performed in 54 patients (12%), the Bentall procedure in 69 patients (15%) and aortic valve replacement in 38 patients (8%). Coronary artery bypass grafting was necessary in 59 patients (13%).
The mean ventilation time was 37 ± 23 h, ICU stay reached 5 ± 7 days, and chest tube drainage within the first 24 h was 510 ± 260 ml. Re-exploration for bleeding or tamponade had to be performed in 41 patients (9%). Postoperative extracorporeal life support was implanted in 15 patients (3%). Respiratory failure including the need for reintubation or prolonged ventilation (> _3 days) was noted in 43 patients (9%). New postoperative renal failure requiring veno-venous haemofiltration occurred in 24 patients (5%). Multivariate regression analysis identified advanced age (OR, 2.9; 95% CI, 1.6-4.9) as independent predictors of new postoperative renal failure. No patient developed postoperative pancreatitis or mesenteric ischaemia, whereas three patients (0.7%) suffered from hepatic failure. Hospital length of stay was 11 ± 6 days. Perioperative data and surgical procedures are listed in Table 2 .
New postoperative neurological complications such occurred as PND in 27 patients (6%) and TND in 31 patients (7%). Of the 27 patients with PND, 19 experienced a focal stroke and five developed coma. Three patients (0.6%) developed paraplegia with a broad range of ACP times (24, 41 and 127 min). Multivariate regression analysis identified a history of stroke (OR, 2.7; 95% CI, 1.4-4.2) as independent predictor of postoperative PND. Most of the TNDs in the present series were temporary delirium (n = 27), and four patients experienced a transient motor deficit.
Regarding the cases of transient motor deficit, two were isolated to the right arm as a result of an intraoperative manipulation of the brachial plexus in one patient and an iatrogenic nerve lesion of the pectoralis nerve in one patient. Table 3 shows the postoperative complications. Concerning the artery cannulation, no vascular complications were found. With regard to carotid cannulation no cases of cerebral hyperperfusion were observed. In patients with direct cannulation of the right axillary artery local neurological dysfunction was noted in two patients, no cases of malperfusion or compartment syndrome of the arm were developed.
The 30-day mortality was 7% (32 patients). Of these 32 patients, nine had been admitted to the operating room in unstable haemodynamic condition including four patients with cardiopulmonary resuscitation. Multivariate regression analysis identified the concomitant coronary artery bypass grafting (OR, 2.4; 95% CI, 1.7-4.1) as independent predictors of 30-day mortality. Table 4 contains causes of 30-day mortality. Kaplan-Meier estimates for overall survival at 5 years were 77 ± 6% (Fig. 1) .
DISCUSSION
Acute type A aortic dissection still remains one of the most catastrophic cardiovascular illnesses with a prevalence between 0.5 and 4 cases per 100 000 people per year [14] . Mortality for untreated AAD increases up to 50% in the first 24 h and 75% within 2 weeks after the initial onset [12] . Due to the major mortality and morbidity rate, AAD requires immediate surgical treatment. Even with emergent surgical treatment, the mortality rate after surgery for AAD remains high, totalling 10% within 24 h after presentation, 13% after 1 week and 20% after 1 month [14] . Various considerations have been made over the past decade to improve the outcome of these complex aortic pathologies. Despite advances in preoperative diagnosis, surgical techniques, cerebral protection, and perioperative as well as postoperative management, 30-day mortality after AAD repair has remained high and still ranges from 13% to 30% [1] [2] [3] [4] [5] [6] [7] 15] .
In order to reduce operative mortality and morbidity in aortic surgery, progressive evolution of cerebral protection and circulatory management techniques has led to an optimization of the cerebral protection approaches over the past decades. Historically, open aortic surgery has been performed in deep hypothermic circulatory arrest (DHCA), introduced by Griepp et al. in 1975 [16] . This strategy is based on the depression of cerebral metabolism through deep hypothermia to allow a safe period of circulatory arrest and to prevent functional or organ injuries. Nevertheless, there are severe limitations including: a limited safe time of circulatory arrest; an increased incidence of postoperative neurological complications after circulatory arrests longer than 25 min; a prolonged time of CPB; clotting disturbances; and pulmonary, renal, cardiac and endothelial dysfunction [17] .
To avoid the severe complications of DHCA and enhance the duration of open aortic procedures, adjunct techniques of retrograde cerebral perfusion (RCP) and selective ACP with various levels of systemic hypothermia have been developed. These techniques improve the safety of open aortic procedures by decreasing the postoperative morbidity and mortality [8, 18] . However, RCP through the superior vena cava failed to demonstrate sufficient cerebral blood flow [1] . Selective ACP offers a more physiologic method of cerebral perfusion and appears to be the most promising tool for reducing morbidity and mortality in open aortic surgery [9] . ACP has increasingly been applied worldwide with various modifications. By continuous perfusion of the brain with oxygenated blood, ACP has significantly extended the duration of the safe time of circulatory arrest to approximately 60 min and has led to the use of warmer core temperatures during systemic circulatory arrest [8] [9] [10] . Current data have shown the superiority of ACP over DHCA alone or RCP and demonstrate better survival and neurological outcomes, especially when complex and time-consuming (>45 min) aortic repairs like typically in patients with AAD are performed [19, 20] .
Currently, there is no uniformly accepted consensus regarding the optimal strategy for providing brain protection during surgery for AAD. However, the acceptance of ACP at many centres worldwide has strongly increased over the past years. Even though, technical details of ACP are still being discussed, and the safe limits of this approach are yet to be defined. This is particularly true for core temperatures chosen during selective ACP. The two contributing centres from this study have been practicing the routine use of moderate-to-mild systemic hypothermia in the past 15 years for various reasons. It has been shown that brain oxygen consumption drops down to 50% of the baseline value at 28 C. Further cooling below 28 C does not decrease brain oxygen consumption effectively [21] . At the same time, regional cerebral blood flow under ACP conditions is decreased when combined with temperatures below 28 C [22] . The combination of reduced brain oxygen consumption with adequate regional blood flow at 28 C systemic temperature should allow for effective cerebral protection during aortic surgery. Previous reports from the two contributing institutions have demonstrated in more than 1000 patients that ACP during moderate-to-mild systemic hypothermic circulatory arrest offers sufficient brain and visceral organ protection even in complex aortic arch surgery [8, 12] . In these reports, an analysis concerning the different cannulation methods for establishment of selective ACP during moderate-to-mild systemic hypothermia showed statistically comparable outcomes [8] .
In a previous collaborative work from both centres, we only need a selective ACP time and circulatory arrest of more than 60 min in very few patients [62/1002 (6%)] to complete the arch repair and that up to 60 min selective ACP time under moderateto-mild systemic hypothermia our surgical protocol applied in these studies is associated with good clinical outcomes [8, 12] . Due to the minority of patients need long time of selective ACP time and circulatory arrest of more than 60 min in this cohort and in the previous study [8] , we failed to prove statistically the correlation between the long time of circulatory arrest and occurrence of postoperative complications as well as to determine the safe limits of the perfusion and temperature management protocol applied for aortic arch surgery. Moreover, it might be very difficult to distinguish between malperfusion syndroms attributable to the pattern of the aortic dissection itself compared with malperfusion syndroms caused by prolonged lower body circulatory arrest. In patients with a complicated dissection pattern and/or preoperative malperfusion, our goal is to assure a safe and adequate cerebral perfusion and to complete the distal anastomosis as fast as possible followed by establishment of lower body perfusion.
We use the following techniques to minimize the risk of adverse outcomes during moderate-to-mild hypothermic aortic dissection repair:
Regarding the cerebral protection, NIRS is routinely used as a permanent surveillance tool for cerebral monitoring during aortic arch surgery. We aim to keep the NIRS measurements at a stable level during arch repair. By decreasing of NIRS measurement below 75% of the base line after initiation of UACP we switch immediately to BACP to avoid neurological disorders. In this setting we aim to keep the pressure in the arterial line as measured on the pump unit and the aimed range of 75-80 mmHg which typically allows for an additional flow of 1.8-2.2 l/min.
To avoid malperfusion syndrome during lower body circulatory arrest, surgeons of both centres are always prepared to perform lower body perfusion via an Y-shaped side branch of the arterial CPB line as fast as possible after complete the distal aortic anastomosis. This way all that has to be completed within 60 min of selective ACP time before we would recommend to perform additional lower body perfusion in the time-consuming distal aortic anastomosis. Overall, lower body perfusion was established in 28 patients (6%) (distal core perfusion time was 25 ± 13 min).
Several reports exist from the two biggest registries for AAD worldwide, the International Registry of Acute Aortic Dissection (IRAD) and the German Registry for Acute Aortic Dissection Type A (GERAADA), which report a 30-day mortality rate ranging from 13% to 27% after AAD repair using different types of circulation management and cerebral protection strategies [3] [4] [5] [6] [7] . Compared with these results, our observed operative mortality rate of 7% is fairly low, which may in part be explained by the potential advantages of ACP with moderate-to-mild hypothermia. Similarly, Cosmas et al. [23] reported in a retrospective series of 346 patients who underwent aortic repair for AAD under circulatory arrest, including 193 patients who had selective ACP during moderate hypothermia, a mortality rate of 10%. From the Japan Adult Cardiovascular Surgery Database, Tokuda et al. [20] also reported a fairly low overall mortality of 9% in 2769 patients with AAD using ACP.
In our present combined experience, the PND rate for patients undergoing aortic repair for AAD was 7%. This result is comparable to the low 8% PND rate from recently published data from Comas et al. [23] on selected patients with aortic repair for AAD. The stroke rate in this cohort was 4% and is comparable with the stroke rate of 5% reported by De Bartolomeo et al. [15] . Three patients (0.6%) in this series developed paraplegia. All three patients came into the operating room on the ventilator and had an unclear preoperative neurological status. With regard to the operative course, all three cases suffered a very complex AAD. These patients had a wide range of ACP times (24, 41 and 127 minutes, respectively). To minimize the risk of this devastating complication, it is important to stress the fact that in both centres, we adapt the level of systemic cooling to the anticipated extent of arch reconstructive time according to the preoperative CT scan (approximately 32 C for 15 min, 30-32 C for 30 min and 28 C for > _45 min). Systemic cooling was performed according to the CT findings. In case a limited arch repair was expected, i.e. in patients with a type II dissection in the preoperative CT scan, cooling was limited to 32 C. For patients with a type I dissection, a large true lumen and no signs of malperfusion as revealed by preoperative CT scan we aimed for a hemiarch repair and cooling was limited to 28-30 C. In all other preoperative CT findings of type I dissection with extensive and complex aortic arch pathologies including a true lumen collapse or evidence of malperfusion and long anticipated time necessary for total arch replacement as in elephant trunk and frozen elephant procedures is our approach to routinely cool to 28 C. Di Eusanio et al. [17] identified in their report of 289 patients that AAD was a significant predictor of TND. The TND rates for patients undergoing aortic repair for AAD typically vary from 25% to 37% but can be as low as 7% [23] . The current low TND rate of 7% in the cohort of acute dissections supports our clinical hypothesis that cerebral protection is effective under moderate-to-mild hypothermic conditions combined with ACP. Moreover, we believe that the warm ACP perfusate (28-30 C) combined with adequate perfusion pressure allows for an important collateral flow from the brain to the spinal cord that is clinically evidenced as a substantial backflow of blood from the descending aorta requiring continuous suction to maintain a bloodless operating field during open arch repair. The use of bifurcated arterial lines and branched vascular prostheses enables an additional safety net by gradual reestablishment of lower body and brain perfusion after completing the particular anastomoses [8] . This gradual reestablishment of perfusion is a very important adjunct to refine the perfusion and surgical technique and shorten the isolated ACP time, especially in complex aortic pathological features.
Adequate distal organ protection during extended selective ACP times in patients requiring aortic repair for AAD remains a major issue. In a multivariate analysis, we previously identified that advanced age and the presence of an AAD are independent predictors of ARF requiring haemofiltration [8] . In a recent series of 1148 patients undergoing aortic repair for AAD in Italy with a wide range of different surgical techniques, the overall incidence of new onset renal failure was 10% [24] . The 5% rate of new postoperative renal failure requiring haemofiltration in the current series may serve as an indication of sufficient visceral organ protection during AAD repair.
Bachet et al. [25] reported that actuarial survival rates after surgery for AAD were 72%, 66%, 56% and 46% at 1, 5, 10 and 15 years, respectively. In a propensity-matched retrospective analysis, survival rates in patients with AAD were 91% after 30 days, 74% after 1 year and 63% after 5 years [4] . In our series, overall survival rates at 5 years was somewhat higher with 77 ± 6% which may be explained by growing awareness of adequate postoperative surveillance including optimized medical treatment and periodic CT scans.
In summary, our data suggest that ACP in combination with moderate-to-mild systemic hypothermia (> _28 C) can be safely and reproducibly applied to surgery for AAD and offers sufficient neurological and visceral organ protection.
